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Transposable elements are repetitive DNA sequences comprising a group of segments able to move and carry 
sequences within the genome. Studies involving comparative genomics have revealed that most vertebrates have 
different populations of transposable elements with significant differences among species of the same lineage. Few 
studies have been conducted in fish, the most diverse group of vertebrates, with the objective to locate different types of 
transposable elements. Therefore, this study proposed to map the retrotransposable element Rexl applying Fluorescent 
in situ Hybridization (FISH) in five species of the genus Prochilodus {Prochilodus argenteus, Prochilodus brevis, Prochilodus 
costatus, Prochilodus lineatus and Prochilodus nigricans). After the application of the Rexl probe, scattered markings were 
found throughout the genome of analyzed species, and also the presence of small clusters located in the centromeric 
and telomeric regions coincident with the heterochromatin distribution pattern. This was the first description of the 
retrotransposable element Rexl in Prochilodus genome seeking for a better understanding of the distribution pattern of 
these retrotransposons in the genome of teleost fish. 



Introduction 

The retrotransposable elements are able to accomplish 
important roles in the genome evolution. 1,2 Their copies numbers 
can rapidly increase by retrotransposition and serve as substrate 
for homologous recombinations in various categories of DNA 
rearrangements including deletions, inversions, translocations, 
duplications and amplifications noted by Ozouf-Costaz et al. 3 
Knowledge of the origin and function of these retrotransposons 
and of their role in the structure and organization of chromosomes 
in the teleost fish genomes is still very scarce and fragmented. 4 

Two classes of transposable elements (TE) are acknowledged 
among vertebrates: retrotransposons and transposons. The first 
class, known as retrotransposon, moves through the genome by 
the action of reverse transcriptase, an enzyme that can promote 
the synthesis of a DNA strand from a RNA primer, and is divided 
into autonomous, i.e., LTR (long-terminal repeat) and non- 
LTR, in which LINEs (long interspersed elements) are part of 
the genome, and non-autonomous, in which the SINEs (short 
interspersed elements) are the representatives. The second class 
includes those sequences which transpose by a "cut and paste" 
mechanism known as DNA transposons. Fish genome contains 



all known types of transposable elements, 5 and some of these 
have been mapped at the chromosome level. 

The retrotransposable elements of the retrotransposon class 
(LTR) in which can be highlighted the Ty3/Gypsy, Tyl/copy, 
DIRS1 retrotransposon and BEL, are the most studied in fish 
species. 5 " 7 Retrotransposons described above, include 10 elements 
that display data regarding the location in fish chromosomes. 
Among these are the elements Rex (Rexl, Rex3 and Rex6) which 
are retrotransposable elements characterized for the first time 
in the genome of the fish Xiphophorus maculatus and appears 
to be the most abundant in different teleostei. 7,8 In the order 
Characiformes, little is known about the organization of the 
retrotransposon Rex, and available data are only for Erythrinus 
erythrinusP 

The Rexl element, represents a non-long-terminal-repeat 
(non-LTR) retrotransposons, related to the group CR1 (Chicken 
Repeat), comprising a LINES, and encodes a reverse transcriptase 
and an endonuclease apun'nica / pyrimidine required for cleavage 
of the target sequence. 10 

Thus, the objective of the present research is to isolate and map 
the retrotransposable element Rexl in the genome of five species 
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Figure 1. Distribution pattern of the retrotransposable element Rexl in genome of (a) P. argenteus; (b) P. brevis); (c) P. costatus; (d) P. nigricans and 
(e) P. lineatus species. 



of the genus Prochilodus {Prochilodus argenteus, Prochilodus 
brevis, Prochilodus costatus, Prochilodus lineatus and Prochilodus 
nigricans) by Fluorescent in situ Hybridization (FISH) by 
studying occurrence of Rex 1 retrotransposon in Prochilodus 
genome and chromosomes and compare the obtained results with 
others teleost fish groups. 

Results 

All specimens of Prochilodus (P. argenteus, P. brevis, P. costatus, 
P. lineatus and P. nigricans) cytogenetically analyzed exhibited a 
karyotypic constitution of 2n = 54 chromosomes. 

The amplification of the retrotransposable element Rexl in 
the genome of the species of Prochilodus produced a band of 
approximately 600 bp for all analyzed species (data not shown). 
Analysis through the fluorescent in situ hybridization (FISH) 
technique using the Rexl retrotransposons probes in chromosome 
preparations of the five Prochilodus species (Fig. la-e) showed 
a dispersed pattern of the retrotransposable element Rexl 
throughout the genome of analyzed individuals. Furthermore, 
the presence of small clusters in the telomeric and centromeric 
regions was regarded as a common feature in these Prochilodus. 
The presence of these clusters, mainly in the centromeric regions, 
is coincident with the constitutive heterochromatin distribution 
pattern previously observed by C-banding for all specimens of 
these species. 

Discussion 

Chromosomal information on representatives of the genus 
Prochilodus have revealed a conserved karyotypic structure of 2n 
= 54 chromosomes. 11 " 20 All Prochilodus cytogenetically analyzed 
in this study exhibited conserved chromosomal characteristics 
regarding the diploid number of 2n = 54 in accordance with 
literature data reported for these species. 

The evolutionary dynamics of the transposable elements in 
various groups, such as insects, fish, birds and mammals are 
extremely distinct. Mammals genomes contain a large variety of 
transposable elements lineage types, while fish and Drosophila 
lineages show various strains of these genomic elements, which 
are typically less abundant, but apparently more deleterious. 
In many insect and fish species, families of different strains of 
transposable elements with a relatively low number of copies have 
remained active for a long period. 5,21 This variation in diversity 



and activity of transposable elements among various animal 
genomes is caused by the difference of the defense mechanisms of 
the host genome in opposition to the activities of the transposable 
elements. 

Generally, the transposons have a sufficiently distinct 
organization among the species and are dispersed across the 
genome, usually occupying euchromatic regions, as already 
observed in humans and insects. 5 This scattered pattern was 
also observed in this study in the five species of Prochilodus 
analyzed with the Rexl retrotransposable element, as well as 
in species of the subfamily Hypoptopomtinae using Rexl and 
Rex3; 22 in Erythrinus erythrinus with Rex3; 9 in Astatotilapia 
latifasciata with Rex l 23 and in some Antarctic Perciformes 
using the Rexl and Rex3 elements. 2 Moreover, fish derived 
from the group of Tetraodontiformes (T. nigroviridis) have an 
extremely compact genome, and the separation between poor 
and rich regions of gene segments is much evident according 
to Fischer et al. 24 and da Silva et al. 25 Transposable elements 
in heterochromatin are apparently used as shelter, because the 
selection pressure is smaller in these regions noted by Lippman, 
et al. 26 

As previously mentioned, Rex elements are present in the 
genome of different species of teleosts. 2,8 According to a review 
of retrotransposable use in fish genome mapping performed by 
Ferreira et al., 4 it was observed that the Rex elements exhibit 
different organizations among fish species. These elements were 
physically mapped in 28 species of fish. However, in 11 species, 
Rex elements were organized in heterochromatic regions and in 
the other remaining 17 species, were scattered across the genome, 4 
as observed in the present study. 

A noteworthy example of Rex presence in fish heterochromatic 
regions is attributed to Cichlidae family, which different Rex 
elements analysis revealed a compartmentalization in pericentric 
heterochromatic regions described by Gross et al. 27,28 similar 
to that observed in representatives of the Antarctic fish species 
Notothenia coriiceps. 2 

Additionally, in Cichlidae family, more specifically in 
Oreochromis niloticus (in Nile tilapia genome), transposable 
elements were generally found scattered throughout the 
genome. 29,30 This pattern, preferably scattered across the 
euchromatic regions, was also found in five species of the genus 
Prochilodus (P. argenteus, P. brevis, P. costatus, P. lineatus and 
P. nigricans), subject of this study, using the retrotransposable 
element Rexl (Fig. la-e). However, some small clusters were 
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found in the heterochromatic regions, such as in the centromeres 
of some chromosome pairs, in the telomeric regions of all samples 
analyzed. 

The distribution pattern of the retrotransposons Rexl 
in Prochilodus enabled one to observe a scattered pattern 
common among the five species (Fig. la— e), i.e., the Rex 1 
retrotransposable element displays a conserved characteristic for 
this genus, as previously proposed by Pauls and Bertollo 12 using 
other cytogenetic markers. 

Oftentimes, Rex retrotransposable elements were found 
scattered throughout the genome of the species and more 
intensely in the chomosome euchromatic regions. However, 
some blocks of these transposable elements are coincident with 
heterochromatic regions, suggesting that the distribution pattern 
of these retroelements may be distinct in different orders of fish, 4 
which corroborates with the observed in Prochilodus, where 
such retrotransposable elements were scattered throughout 
the genome, but featured a preferential accumulation in the 
constitutive heterochromatin regions. 

Transposable elements are generally more abundant in the 
heterochromatin of several genomes and their presence in these 
regions seems to be common among multicellular eukaryotes. 31 ' 32 
Despite some discrepancies, plausible explanations about 
the relationship between the retrotransposable elements and 
heterochromatin become reasonable: TEs tend to accumulate in 
regions with low recombination rates as a consequence of their 
removal from the region with high recombination rates, whereas 
ectopic recombination could have more deleterious effects; there 
are more TEs eliminations in gene-rich regions because of their 
potential deleterious effects when inserted within genes; the 
high expression of TE-encoded products might have negative 
consequences for the genome due to cell cost. Thus, these TEs 
would be eliminated from the region with high expression levels; 32 
TEs could accumulate in the heterochromatin as a consequence 
of their functional involvement in the maintenance of specific 
genomic regions, such as the pericentromeric and telomeric 
region. 31 ' 33 

Although the currently available information on the structural 
organization, evolution and functional behavior of TEs in the fish 
genome are still very fragmented and restricted to few species, 
the data contribute to clarify the understanding of transposable 
elements distributions in Prochilodus genome comparing the 
results with those obtained in teleostei order fish groups. 
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Materials and Methods 

It was collected 20 specimens of P. lineatus from wild 
populations of Mogi-Guacu River, Parana Basin, Pirassununga, 
SP, Brazil, and also 17 specimens of P. nigricans from the Araguaia 
River (TO), Tocantins-Araguaia basin, Brazil. For the present 
study, it was also purchased 30 specimens of P. costatus from 
the TROPICAL AQUACULTURE Fish Farm, municipality 
of Propria, (SE), Brazil; 6 individuals of P. argenteus from the 
Sao Francisco River (MG), Brazil; and finally, 5 specimens of 
P. brevis (collected in the DNOCS dam (Departamento de 
Obras Contra a Seca) (RN), Brazil. 

The chromosome preparations were obtained by mitotic 
stimulation method, 34,35 direct in vitro preparations of anterior 
kidney, 36 and direct in vivo preparations of anterior kidney. 37 

Fluorescence in situ Hybridization (FISH) was performed 
according to Pinkel et al. 38 using the retrotransposon probe 
Rexl obtained by PCR (Polymerase Chain Reaction) from 
amplifications of the genomic DNA of P. lineatus utilizing the 
primers 1: RTX1-F1 (5'-TTC TCC AGT GGC CTT CAA CAC 
C-3') and RTX1-R1 (5'-TTC CTT AAA AAA TAG AGT CTG 
CTC-3')- 10 The Rexl probe was labeled with Digoxigenin-11- 
dUTP later detected with an antibody conjugated with rhodamine, 
providing the red color by the PCR {Polymerase Chain Reaction) 
technique, according to the Roche manufacturer's instructions. 
The slides were denatured in 70% formamide: 2XSSC for 
5 min. DNA was hybridized at 37°C overnight in a moist 
chamber (0.3 u,g of denatured probe, 50% formamide, 10 mg 
ml of dextran sulfate; 2XSSC, 5 mg/ml of salmon sperm DNA). 

Hybridized Rex 1 probe were detected by anti-digoxigenin- 
rhrodamine reactions. Afterwards, slides were counterstained 
with DAPI (4',6-diamidino-2-phenylindole) and examined under 
a fluorescence photomicroscope (BX 61, Olympus) equipped with 
the Olympus DP70 cooled digital camera. Photomicrographs 
were taken using Pro MC 6.0 software. 

Disclosure of Potential Conflicts of Interest 
No potential conflicts of interest were disclosed. 

Acknowledgments 

The authors are grateful to Conselho Nacional de 
Desenvolvimento Cienti'fico e Tecnologico (CNPQ) (Proc. 
503435/2011-2). 

8. Volff JN, Korting C, Meyet A, Schattl M. 
Evolution and discontinuous distribution of Rex3 
retrotransposons in fish. Mol Biol Evol 2001b; 
18:427-31; PMID:11230544; http://dx.doi. 
org/10.1093/oxfordjournals.molbev.a003819 

9. Cioffi MB, Martins C, Bertollo LAC. Chromosome 
spreading of associated transposable elemenrs and 
ribosomal DNA in the fish Erythrinus erythrinus. 
Implications for genome change and karyoevolution in 
fish. BMC Evol Biol 2010; 10:271; PMID:20815941; 
http://dx.doi.org/10.1186/1471-2148-10-271 

10. Volff J-N, Korting C, Schartl M. Multiple lineages 
of the non-LTR retrotransposon Rexl with varying 
success in invading fish genomes. Mol Biol Evol 
2000; 17:1673-84; PMID:11070055; http://dx.doi. 
org/10.1093/oxfordjournals.molbev.a026266 



4. Ferreira DC, Porto-Foresti F, Oliveira C, Foresti 
F. Transposable elements as a potential source for 
understanding the fish genome. Mob Genet Elements 
2011a; 1:112-7; PMID:22016858 ; http://dx.doi. 
org/10.4161/mge.l.2.16731 

5. Volff JN, Bouneau L, Ozouf-Costaz C, Fischer C. 
Diversity of retrotransposable elements in compact 
pufferfish genomes. Trends Genet 2003; 19:674- 
8; PMID:14642744; http://dx.doi.Org/10.1016/j. 
tig.2003.10.006 

6. Poulter R, Butler M. A rerrorransposon family 
from the pufferfish (fugu) Fugu rubripes. Gene 
1998; 215:241-9; PMID:9714821; http://dx.doi. 
org/10.1016/S0378-1119(98)00296-0 

7. Volff JN, Korting C, Froschauer A, Sweeney K, 
Schartl M. Non-LTR retrotransposons encoding a 
restriction enzyme-like endonuclease in vertebrates. J 
Mol Evol 2001a; 52:351-60; PMID: 1 1343131 



www.landesbioscience.com 



Mobile Genetic Elements 



e25846-3 



11. Pauls E, Bertollo LAC. Evidence for a system of 
supranumerary chromosomes in Prochilodus scrofa 
Steindacher 1881 (Pisces, Prochilodontidae). 
Caryologia 1983;36:307-14 

12. Pauls E, Bertollo LAC. Distribution of a 
supernumerary chromosome system and aspects of 
cariotipic evolution in the genus Prochilodus (Pisces, 
Prochilodontidae). Genetica 1990; 81:117-23; http:// 
dx.doi.org/10.1007/BF00226450 

13. Oliveira C, Saboya SMR, Foresti F, Senhorini JA, 
Bernardino G. Increased B chromosome frequency 
and absence of drive in the fish Prochilodus lineatus. 
Heredity 1997; 79:473-6; http://dx.doi.org/10.1038/ 
hdy.1997.186 

14. Venere PC, Miyazawa CS, Galetti PM Jr. News cases 
of supernumerary chromosomes in characiforms 
fishes. Genet Mol Biol 1999; 22:345-9; http://dx.doi. 
org/10.1590/Sl4l5-47571999000300010 

15. Dias AL, Foresti F, Oliveira C. Synapsis in 
supernumerary chromosomes of Prochilodus lineatus 
(Teleostei: Prochilodontidae). Caryologia 1998; 
51:105-13; http://dx.doi.org/10.1080/00087H4.199 
8.10589125 

16. Maistro EL, Oliveira C, Foresti F. Cytogenetic 
analysis of A- and B-chromosomes of Prochilodus 
lineatus (Teleostei, Prochilodontidae) using different 
restriction enzyme banding and staining methods. 
Genetica 2000; 108:119-25; PMID:11138939; 
http://dx.doi.Org/10.1023/A:1004063031965 

17. Cavallaro ZI, Bertollo LAC, Perfectti F, Camacho 
JPM. Frequency increase and mitotic stabilization 
of a B chromosome in the fish Prochilodus lineatus. 
Chromosome Res 2000; 8:627-34; PMID:1 1117359; 
http://dx.doi.Org/10.1023/A:1009242209375 

1 8 . Oliveira C, Nirchio M, Granado A, Levy S . 
Karyotypic characterization of Prochilodus mariae, 
Semaprochilodus Kneri and Semaprochilodus 
laticeps (Teleostei:Prochilodontidae from Caicara 
del Orinoco, Venezuela. Neotrop Ichthyol 
2003; 1:47-52; http://dx.doi.org/10.1590/ 

S1679-62252003000100005 

19. Artoni RF, Vicari MR, Endler AL, Cavallaro ZI, 
de Jesus CM, de Almeida MC, et al. Banding 
pattern of A and B chromosomes of Prochilodus 
lineatus (Characiformes, Prochilodontidae), with 
comments on B chromosomes evolution. Genetica 
2006; 127:277-84; PMID:16850231; http://dx.doi. 
org/10.1007/sl0709-005-4846-l 

20. Voltolin TA, Senhorini JA, Oliveira O, Foresti F, 
Bortolozzi J, Porto-Foresti F. Cytogenetic Markers 
in Wild Population of Curimbata (Prochilodus 
lineatus) from Mogi-Guacu River. Cytologia 
(Tokyo) 2009; 74:281-7; http://dx.doi.org/10.1508/ 
cytologia. 74. 281 

21. Eickbush TH, Furano AV. Fruit flies and humans 
respond differently to retrotransposons. Curr Opin 
Genet Dev 2002; 12:669-74; PMID:12433580; 
http://dx.doi.org/10. 1016/S0959-437X(02)00359-3 



22. Ferreira DC, Oliveira C, Foresti F. Chromosome 
mapping of retrotransposable elements Rexl 
and Rex3 in three fish species in the subfamily 
Hypoptopomatinae (Teleostei, Siluriformes, 
Loricariidae). Cytogenet Genome Res 2011b; 
132:64-70; PMID:20798486; http://dx.doi. 
org/10.1159/000319620 

23. Fantinatti BEA, Mazzuchelli J, Valente GT. Cabral- 
de-Mello, Martins C. Genomic content and new 
insights on the origin of the B chromosome of the 
cichlid fish Astatolilapia latifasciata. Genetica 2011; 
139:1273-82; PMID:22286964; http://dx.doi. 
org/10.1007/sl0709-012-9629-x 

24. Fischer C, Bouneau L, Coutanceau JP, Weissenbach 
J, Volff JN, Ozouf-Costaz C. Global heterochromatic 
colocalization of transposable elements with 
minisatellites in the compact genome of the pufferfish 
Tetraodon nigroviridis. Gene 2004; 336:175-83; 
PMID:15246529; http://dx.doi.org/10.1016/j- 
gene.2004.04.014 

25. Da Silva C, Hadji H, Ozouf-Costaz C, Nicaud 
S, Jaillon O, Weissenbach J, et al. Remarkable 
compartimentalization of transposable elements and 
pseudogenes in the heterochromatin of the Tetraodon 
nigroviridis genome. Proceedings of the Natural 
Academy of Sciences of the United States of America 
2002; 99:13636-41; http://dx.doi.org/10.1073/ 
pnas.202284199 

26. Lippman Z, Gendrel AV, Black M, Vaughn MW, 
Dedhia N, McCombie WR, et al. Role of transposable 
elements in heterochromatin and epigenetic control. 
Nature 2004; 430:471-6; PMID:15269773; http:// 
dx.doi.org/10.1038/nature02651 

27- Gross MC, Schneider CH, Valente GT, Porto JIR, 
Martins C, Feldberg E et al. Comparative cytogenetic 
analysis of the genus Symphysodon (Discus 
fishes, Cichlidae): chromosomal characteristics 
of retrotransposon and minor ribosomal DNA. 
Cytogenetics Genome Res 2009; 127:43:53; http:// 
dx.doi.org/10. 1159/000279443. 

28. Valente GT, Mazzuchelli J, Ferreira IA, Poletto AB, 
Fantinatti BEA, Martins C. Cytogenetic mapping of 
the retroelements Rexl, Rex3 and Rex6 among cichlid 
fish: new insights on the chromosomal distribution 
of transposable elements. Cytogenet Genome Res 
2011; 133:34-42; PMID:21196713; http://dx.doi. 
org/10.1159/000322888 

29. Harvey SC, Boonphakdee C, Campos-Ramos R, 
Ezaz MT, Griffin DK, Bromage NR, et al. Analysis 
of repetitive DNA sequences in the sex chromosomes 
of Oreochromis niloticus. Cytogenet Genome Res 
2003; 101:314-9; PMID:14685001; http://dx.doi. 
org/10.1159/000074355 



30. Ferreira IA, Martins C. Physical chromosome 
mapping of repetitive DNA sequences in Nile 
tilapia Oreochromis niloticus: evidences for a 
differential distribution of repetitive elements in 
the sex chromosomes. Micron 2008 ; 39 : 4 1 1-8 ; 
PMID:17395473; http://dx.doi.org/10.1016/j- 
micron.2007.02.010 

31. Dawe RK. RNA interference, transposons, and 
the centromere. Plant Cell 2003; 15:297-301; 
PMID:12566573; http://dx.doi.org/10.1105/ 
tpc.150230 

32. Hua-Van A, Le Rouzic A, Maisonhaute C, Capy 
P. Abundance, distribution and dynamics of 
retrotransposable elements and transposons: 
similarities and differences. Cytogenet Genome Res 
2005; 110:426-40; PMID:16093695; http://dx.doi. 
org/10.1159/000084975 

33- Dimitri P, Junakovic N. Revising the selfish DNA 
hypothesis: new evidence on accumulation of 
transposable elements in heterochromatin. Trends 
Genet 1999; 15:123-4; PMID:10203812; http:// 
dx.doi.org/10.1016/S0168-9525(99)01711-4 

34. Lozano R, Rejon CR, Rejon MR. A method for 
increasing the number of mitoses avaliable for 
cytogenetic analysis in rainbow trout. Stain Technol 
1988; 66:335-8 

35. Oliveira C, Almeida-Toledo LF, Foresti F, 
Toledo-Filho SA. Supernumerary chromosomes, 
Robertsonian rearrangements and multiple 
NORs in Corydoras aeneus (Pisces, Siluriformes, 
Callichthyidae). Caryologia 1988; 41:227-36 

36. Foresti F, Oliveira C, Almeida-Toledo LF. A method 
for chromosome preparations from large specimens of 
fishes using in vitro short treatment with colchicine. 
Experientia 1993; 49:810-3; http://dx.doi. 
org/10. 1007/BF01923555 

37. Foresti F, Almeida Toledo LF, Toledo SA. 
Polymorphic nature of nucleolus organizer 
regions in fishes. Cytogenet Cell Genet 1981; 
31:137-44; PMID:6173166; http://dx.doi. 

org/10.1159/000131639 

38. Pinkel D, Straume T, Gray JW. Cytogenetic 
analysis using quantitative, high-sensitivity, 
fluorescence hybridization. Proc Natl Acad Sci U S 
A 1986; 83:2934-8; PMID:3458254; http://dx.doi. 
org/10. 1073/pnas.83.9-2934 



e25846-4 



Mobile Genetic Elements 



Volume 3 Issue 4 



